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This study demonstrates the presence of tight junc-
tion antigens in adult and developing human epider-
mis. Indirect immuno¯uorescence labeling and
immunoelectron microscopy with antibodies to ZO-
1 and occludin localized tight junction components
ZO-1 and occludin to a narrow zone of the granular
cells of adult epidermis. Double immunolabeling for
tight junction components with adherens junction or
desmosome proteins suggested that occludin is more
speci®c for tight junctions than ZO-1, which may
also be associated with adherens junctions. In devel-
oping skin, tight junctions interconnected the
peridermal cells, and after the fetal strati®cation
localized to the granular cell layer. Immunolabeling
of psoriasis, lichen planus, and ichthyosis vulgaris,
representing aberrant differentiation of the
epidermis, showed that these conditions were associ-
ated with relocation of ZO-1 and occludin to the
spinous cells. Cultures of epidermal keratinocytes,
which offer a useful model for the formation of cel-
lular contacts, revealed that tight junction
components, ZO-1 and occludin, displayed a marked
degree of colocalization relatively late during the
process when the fusion zone had assumed a linear
appearance. This suggests that the formation of
adherens junctions and desmosomes precedes that of
tight junctions. We speculate that the epidermal bar-
rier, isolating the human body from the external
environment, is in part formed by tight junctions of
stratum granulosum. Key words: cell adhesion molecules/
cell differentiation/developmental biology/intercellular junc-
tions/skin diseases. J Invest Dermatol 117:1050±1058, 2001
S
imple epithelium, such as intestinal lining, is composed of
one layer of epithelial cells. Each cell of simple epithelia
forms ®ve distinct types of junctions between neighboring
cells or the underlying basement membrane (Alberts et al,
1994). These cellular connections include tight junctions,
adherens junctions, desmosomes, gap junctions, and hemidesmo-
somes. In simple epithelium, the cellular junctions can be identi®ed
by electron microscopy on the basis of their characteristic
ultrastructural appearance. In contrast, the identi®cation of selected
cellular junctions in strati®ed epithelium has been more compli-
cated; ultrastructural analysis readily identi®es desmosomes and
hemidesmosomes in all epithelia. The epidermal adherens junctions
were characterized as late as 1993±96, however, as electron
microscopy analysis alone was not suf®cient to identify these
junctions. Recognition of molecular markers for adherens junctions
and the immunoelectron microscopy approach were the keys in the
characterization of epidermal adherens junctions (Kaiser et al, 1993;
Haftek et al, 1996). To date, ultrastructural analyses have not
conclusively identi®ed tight junctions in human epidermis (see
below).
In simple epithelia, tight junctions form a paracellular permea-
bility barrier regulating the movement of water, solutes, and
immune cells. Furthermore, tight junctions segregate cell surface
membrane proteins and lipids into the apical and the basolateral
membrane domains (for reviews see Stevenson and Keon, 1998;
Tsukita and Furuse, 1999, 2000; Tsukita et al, 1999). In, for
example, the intestinal epithelium, tight junctions (zonula occlu-
dens) and adherens junctions (zonula adherens) form the most
apical component of the lateral junctional complex. Below these
two junctions are the spot-like contacts formed by desmosomes and
gap junctions (Anderson and Van Itallie, 1995).
The epidermis represents a strati®ed epithelium, and it is
composed of four cellular layers: basal cell, spinous cell, granular
cell, and corni®ed layers. Unlike in simple epithelium, where each
cell expresses all known types of cellular junctions, cells of different
layers of the strati®ed epidermis express only selected types of
cellular junctions. Desmosomes and adherens juctions are present in
basal, spinous, and granular cell layers, whereas gap junctions are
mainly located in the spinous cell layer of the epidermis (Burge,
1994; Salomon et al, 1994; Garrod et al, 1996; Green and Jones,
1996). Hemidesmosomes connect the basal cells to the dermal±
epidermal basement membrane (Green and Jones, 1996). The
presence of tight junctions in epidermis has remained unclear.
Tight-junction-like structures were demonstrated in the granular
cell layer of human epidermis in the early 1970s by electron
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microscopy (Hashimoto, 1971). Elias et al (1977) used the freeze
fracture method to study human and mouse strati®ed epithelia and
concluded that tight-junctional elements were either absent or
fragmentary. Thus, the epidermal diffusion barrier, which separates
the human body from the outer environment, has been thought to
be formed not by the tight junctions but by the epidermal lipids,
especially the lipid bilayers present in the corni®ed layer (for review
see Wertz, 2000).
In simple epithelia, tight junctions are formed by series of spot-
like contacts or ``kisses'' that in freeze fracture electron microscopy
appear as rows of intramembrane particles that form long branching
®brils circumscribing the cell. The number of ®brils correlates with
the tightness of the barrier, which can be investigated by measuring
the transcellular electrical resistance (Anderson and Van Itallie,
1995; Stevenson and Keon, 1998; Tsukita and Furuse, 1999, 2000;
Tsukita et al, 1999). Occludin is a transmembrane protein, which is
localized exclusively in tight junctions. Occludin has four
hydrophobic transmembrane helixes, and both NH2 and COOH
terminals are located in the cytoplasmic side of the plasma
membrane. The family of claudins are also transmembrane proteins
of tight junctions (Stevenson and Keon, 1998; Tsukita and Furuse,
1999, 2000; Tsukita et al, 1999). ZO-1 is found in cytoplasmic
plaques of tight junctions but is found also in adherens type
junctions in cells that lack tight junctions, e.g. ®broblasts and
cardiac myocytes (Anderson and Van Itallie, 1995; Stevenson and
Keon, 1998; Tsukita et al, 1999). ZO-1 is a member of a MAGUK
(membrane-associated guanylate kinase homolog) protein family. It
is thought that ZO-1 is involved in creating the proper
organization of proteins within the tight junctional plaque
(Anderson and Van Itallie, 1995; Stevenson and Keon, 1998;
Tsukita et al, 1999). Other cytoplasmic plaque proteins include
ZO-2, ZO-3, cingulin, symplekin, and 7H6 (Anderson and Van
Itallie, 1995; Stevenson and Keon, 1998; Tsukita et al, 1999). Tight
junctional proteins are connected to actin cytoskeleton (Anderson
and Van Itallie, 1995; Stevenson and Keon, 1998; Tsukita et al,
1999; Wittchen et al, 1999).
The tight junction components occludin, ZO-1, and ZO-2,
were recently studied in the epidermis of adult rodent skin (Morita
et al, 1998). Occludin was concentrated at the cell±cell borders only
in the most super®cial granular cell layers, whereas ZO-1 and ZO-
2 were detected also in the uppermost spinous cell layers (Morita
et al, 1998). This was also the ®rst study to provide clear evidence
showing occludin in tight junction strands in mammalian epidermis
(Morita et al, 1998). Tight junctions have also been studied in
cultured human epidermal and gingival keratinocytes using freeze
fracture and transmission electron microscopy (Kitajima et al, 1983;
Meyle et al, 1999). In our study, the expression of occludin and
ZO-1 was elucidated in normal adult and developing human
epidermis. Furthermore, localization of ZO-1 and occludin was
investigated in pathologic skin conditions known to affect the
stratum granulosum, namely psoriasis vulgaris, lichen planus, and
ichthyosis vulgaris. Finally, the dynamics of ZO-1 and occludin
expression were studied in cultured keratinocytes, which were
induced to differentiate by elevating the extracellular calcium
(Ca2+) concentration.
MATERIALS AND METHODS
Tissue samples and keratinocyte cultures Skin samples were
obtained from plastic surgery operations carried out for cosmetic reasons
from 10 healthy persons (aged 20±67 y) at the University Hospital of
Turku, Finland. These samples were used for keratinocyte cultures,
indirect immuno¯uorescence (IIF), Western blotting, and transmission
electron and immunoelectron microscopies. Skin samples from 13
normal fetuses aged 8, 10, 10, 11, 11, 12, 12, 13, 13, 15, 16, 17, and 21
gestational weeks were obtained from the Department of Obstetrics and
Gynecology, University Hospital of Turku, Finland. Fetal skin samples
were used for IIF and transmission electron and immunoelectron
microscopies. Paraf®n-embedded punch biopsy samples of two psoriasis
vulgaris, two lichen planus, and two ichthyosis vulgaris were obtained
from the Department of Pathology, University Hospital of Turku,
Finland, and were used for avidin±biotin immunolabeling.
Primary cultures of normal human keratinocytes were established from
adult skin samples by a modi®cation of the method of Boyce and Ham
(1985). Keratinocytes were maintained in serum-free low Ca2+
(<0.1 mM) keratinocyte growth medium (Clonetics, San Diego, CA) or
De®ned Keratinocyte-SFM (10744 Gibco BRL Life Technologies,
Grand Island, NY). For experimentation, identical groups of Petri dishes
or glass coverslips were seeded, and the medium was changed either to
the low Ca2+ medium or to the medium containing 1.8 mM Ca2+. Cells
were ®xed for IIF and harvested for Western blotting after 0, 1, 2, 4,
and 24 h incubation.
IIF and avidin±biotin immunolabeling Frozen sections of fetal and
adult skin cut on silanated glass slides, and keratinocytes grown on glass
coverslips, were ®xed with 100% methyl alcohol at ±20°C for 10 min.
The primary antibodies were diluted in 1% bovin serum albumin (BSA)
with phosphate-buffered saline (PBS) and incubated on the samples at
4°C for 20 h. After several washes in PBS, the samples were incubated
with secondary antibodies at 20°C for 1 h. In control immunoreactions,
primary antibodies were replaced with 1% BSA±PBS. Primary and
secondary antibodies used in double labelings were tested for cross-
reactions.
Formalin-®xed and paraf®n-embedded specimens were immunolabeled
with avidin±biotin method using Histostain-Plus Kit (Zymed
Laboratories, San Francisco, CA) according to the protocol supplied with
the kit by the manufacturer. 3.3¢-Diaminobenzidine tetrahydrochloride
(DAB-Plus Kit, Zymed Laboratories) was used to visualize the antibody
localization. Slides were counterstained with Mayer's hematoxylin (Oy
Reagena, Kuopio, Finland).
Confocal laser scanning microscopy Confocal laser scanning
microscopy was carried out using a Leica TCS SP spectral confocal
laser scanning microscope equipped with an air-cooled argon±krypton
ion-laser system (Leica Microsystems Heidelberg, Heidelberg, Germany)
and Leica TCS NT software (Version 1.6.551). Final images were saved
in tagged image ®le format (TIFF).
Antibodies The following antibodies were used: mouse monoclonal
antibodies to human ZO-1 (33±9100), occludin (33±1500), and E-
cadherin (13±1700), polyclonal rabbit antibodies to human ZO-1 (61±
7300) and occludin (71±1500), all from Zymed Laboratories; and mouse
monoclonal antibody to human desmoplakin I and II (881 147,
Boehringer Mannheim Biochemica, Mannheim, Germany). Secondary
antibodies for IIF were tetramethylrhodamine isothiocyanate (TRITC)
conjugated swine antirabbit (R0156) and rabbit antimouse IgG (R0270).
In double labelings, TRITC-conjugated swine antirabbit IgG was mixed
with ¯uorescein isothiocyanate (FITC) conjugated F(ab¢)2 fragment of
goat antimouse immunoglobulins (F0479, all from Dako, Glostrup,
Denmark), or Alexa FluorTM 488 conjugated goat antimouse IgG
(Molecular Probes, Eugene, OR).
Western transfer analysis Cells were rinsed with PBS supplemented
with protease inhibitors (Complete, Mini, EDTA-free Protease Inhibitors
Cocktail Tablets, 1 tablet per 10 ml, Boehringer Mannheim) and then
extracted with RIPA buffer (1% Igepal CA-630, 0.5% sodium
deoxycholate, and 0.1% sodium dodecyl sulfate in PBS) supplemented
with protease inhibitors (see above). Cells were scraped from the dishes
and incubated on ice for 30 min. Cell lysate was then centrifuged at
Figure 1. Western transfer analysis of epidermal tissue sample
and keratinocytes cultured in low or high Ca2+ concentration.
Immunoblotting with antibodies to ZO-1 and occludin reveals a
characteristic band of 225 kDa for ZO-1 and »65 kDa for occludin.
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15,000g at 4°C for 10 min. Protein concentrations of soluble fraction
were detected with DC Protein Assay (Bio-Rad Laboratories, Hercules,
CA). Nine micrograms of each preparation were loaded on sodium
dodecyl sulfate polyacrylamide gel (6% gel for detecting ZO-1 and 10%
for occludin). After electrophoresis, proteins were transferred to
Immobilon-P ®lter (Millipore, Bedford, MA) and immunolabeled with
ZO-1 and occludin antibodies in 3% BSA/PBS + 0.5% Tween-20 at
4°C for 20 h. Peroxidase-linked sheep-antimouse (NA 931) and donkey-
antirabbit (NA 934) (Amersham International, Little Chalfont,
Buckinghamshire, U.K.) were used as secondary antibodies in Western
blot analysis. Proteins were detected with ECL (Amersham Life Sciences,
Little Chalfont, U.K.) and the ®lter was exposed to autoradiographic
®lm (Eastman Kodak, New York, NY).
Transmission electron and immunoelectron microscopy
1 3 1 mm pieces of normal and fetal skin were ®xed with 5%
glutaraldehyde in 0.16 M s-collidin buffer, pH 7.4, and post®xed with
2% OsO4 and 3% K-ferrocyanide (1:1) for 2 h. Samples were dehydrated
in graded ethanol series and embedded in Epon 812. Ultra-thin sections
were cut on coated copper grids and stained with uranyl acetate and lead
citrate.
For immunoelectron microscopy, 1 3 1 mm pieces of normal and
fetal skin were ®xed with freshly prepared 4% paraformaldehyde in
0.1 M phosphate buffer, pH 7.4, for 4 h and washed in phosphate buffer
for 12 h at 4°C. Tissue samples were then dehydrated in 50% and 70%
ethanol, and in®ltrated with L.R. White resin (London Resin, Berkshire,
U.K.). Polymerization was performed in a 50°C oven for 24 h. The
ultra-thin sections were cut on coated nickel grids. To block unspeci®c
binding, the sections were incubated on goat serum diluted in 1% BSA±
Tris-buffered saline (TBS) for 30 min. The primary antibodies were
diluted in 1% BSA±TBS and incubated on sections for 20 h at 4°C. The
samples were then washed several times in 1% BSA±TBS. Secondary
antibody, goat-antimouse IgG + IgM coupled to 18 nm gold particles
(Jackson ImmunoResearch Laboratories, West Grove, PA), was diluted
in 1% BSA±TBS and incubated on samples for 1 h at 20°C. After several
washes in TBS, the samples were post®xed with 2% glutaraldehyde in
TBS and counterstained with uranyl acetate and lead citrate. The sections
were examined and photographed using a Jeol 1200SX electron micro-
scope.
RESULTS
Characterization of antibodies Mouse monoclonal and
rabbit polyclonal antibodies raised against ZO-1 and occludin
were ®rst characterized using Western transfer analysis of normal
human epidermis and cultured epidermal keratinocytes. The results
revealed a characteristic 225 kDa band representative of ZO-1, and
a series of bands of »65 kDa previously reported for occludin
(Anderson and Van Itallie, 1995). Western analysis also
demonstrated that the expression levels of ZO-1 or occludin
were essentially the same in keratinocytes cultured in low or high
Ca2+ concentration (Fig 1).
Tight junction proteins in normal epidermis Monoclonal
antibodies to ZO-1 and occludin were used for immunolabeling of
frozen sections of normal human skin. Confocal laser scanning
microscopy demonstrated similar, but not identical, labeling
patterns for ZO-1 and occludin. ZO-1 was mainly localized to
the granular cell layer, and some labeling was present in the
uppermost spinous cell layers (Fig 2a). Occludin-speci®c
antibodies resulted in a positive immunoreaction that was
restricted to the granular cell layer (Fig 2b). High magni®cation
revealed that the labeling pattern for both ZO-1 and occludin was
punctuate (Fig 2c, d).
Figure 2. IIF labeling of normal skin using monoclonal
antibodies for ZO-1 and occludin. (a, b) Low magni®cation
demonstrates that both proteins are located in the granular cell layer, and
some labeling for ZO-1 is present in the upper spinous layer. (c, d) High
magni®cation reveals a punctuate immunolabeling pattern. Scale bars:
10 mm (a, b), 1 mm (c, d).
Figure 3. Double immunolabeling of epidermis for E-cadherin or desmoplakin, and tight junction proteins. ZO-1 and occludin are
visualized in red; desmoplakin and E-cadherin are shown in green. The yellow color indicates close spatial relationship of the proteins, or
colocalization. E-cadherin and desmoplakin are localized to all viable epidermal layers whereas ZO-1 and occludin are mainly present in the granular
cell layer. ZO-1/E-cadherin (a, e), and occludin/E-cadherin (c, g) show some degree of apparent colocalization at the lateral cell±cell contact zones of
the lowest granular cell layer and the uppermost spinal cell layer. Immunosignals for ZO-1/desmoplakin (b, f) and occludin/desmoplakin (d, h) show a
very low degree of colocalization. Scale bars: 10 mm (a±d), 1 mm (e±h).
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Double immunolabeling of epidermis for tight junction
proteins and E-cadherin or desmoplakin In order to
evaluate the spatial relationship of the cell±cell junction proteins,
double immunolabelings were carried out using antibodies
recognizing components of tight junctions (ZO-1 and occludin)
and adherens junctions (E-cadherin) or desmosomes (desmoplakin)
(Fig 3a±h). In general, the labeling signals for proteins of different
junctions were separate.
On selected locations, however, the immunosignals in red and
green were mixed (yellow) indicating close spatial relationship of
the proteins. Speci®cally, immunosignals for ZO-1 (red)/E-
cadherin (green) (Fig 3a, e) and occludin (red)/E-cadherin
Figure 4. Indirect immunolabeling of
developing epidermis at 8, 13, and 21 wk of
EGA for tight junction proteins ZO-1 and
occludin. (a, b, d, e) At 8 wk, representing
bilayered epidermis, and at 13 wk of EGA (three-
layered epidermis) both ZO-1 and occludin are
localized to the intercellular junctions of
peridermal cells. (c, f) At 21 wk of EGA (four-
layered epidermis), ZO-1 and occludin were
present at the granular cell layer. Arrowheads point
to the epidermal±dermal basement membrane
zone. Scale bars: 10 mm (a, d), 20 mm (b, c, e, f).
Figure 5. Transmission and immunoelectron microscopy of tight junctions in developing and adult skin. (a±c) Intercellular junctions of
peridermal cells at 17 wk of EGA. Tight junction-like structures are present close to the apical pole of peridermal cells (arrows). (d, e) In adult skin,
immunoelectron microscopy shows ZO-1 and occludin (arrowheads) in the granular cell layer in the vicinity of desmosomes. (f, g) In developing skin,
ZO-1 and occludin are detected at the intercellular contact sites close to the apical surface of the peridermal cells (arrowheads). Scale bars: 200 nm (a±c),
100 nm (d±g).
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(green) (Fig 3c, g) were mixed in lateral cell±cell contact zones in
the granular and the uppermost spinous cell layers. Immunosignals
for ZO-1 (red)/desmoplakin (green) (Fig 3b, f) and occludin (red)/
desmoplakin (green) (Fig 3d, h) displayed a very low degree of
colocalization.
Tight junction proteins in developing epidermis At 8 wk
of estimated gestational age (EGA), the epidermis consisted of basal
and peridermal cell layers. Already at this stage, ZO-1 and occludin
were both expressed in the epidermis. More speci®cally, tight
junction proteins were found in intercellular junctions between the
peridermal cells (Fig 4a, d). At 13 wk of EGA, the epidermis
consisted of three cell layers: the basal, intermediate, and peridermal
layers. Also at this stage, ZO-1 and occludin were found in cell±cell
junctions of the peridermal cells (Fig 4b, e). At 21 wk of EGA,
peridermal cells had been shed and the epidermis resembled mature
tissue consisting of four compartments: the basal, spinous, granular,
and corni®ed layers. Positive immunosignal for tight junction
proteins was located to the granular cell layer (Fig 4c, f).
Ultrastructural analysis of developing skin and immuno-
electron microscopy for ZO-1 and occludin Transmission
electron microscopy revealed cell±cell contacts with typical
morphology of tight junctions in the peridermal cell layer of
developing skin (Fig 5a±c). These intercellular contacts were best
visualized at the apical pole of the peridermal cells. In
postembedding immunoelectron microscopy, these intercellular
junctions of peridermal cells showed immunolabeling for ZO-1
and occludin (Fig 5f, g). When ultrathin sections of adult skin were
immunolabeled for ZO-1 and occludin, the gold particles were
detected at the granular cell layer, often in the vicinity of
desmosomes (Fig 5d, e).
Tight junction proteins in differentiating keratinocytes
in vitro Mouse monoclonal antibodies were used to investigate
the expression of tight junction proteins ZO-1 and occludin in
cultured epidermal keratinocytes. Induction of keratinocyte
differentiation revealed marked changes in the expression and
subcellular localization of tight junction proteins. In
undifferentiated keratinocytes, cultured in low Ca2+
concentration (<0.1 mM), the immunoreaction for ZO-1 and
occludin was faint (Fig 6a, d). Keratinocytes were then induced to
differentiate using elevated (1.8 mM) extracellular Ca2+
concentration. Under these conditions, keratinocytes begin to
form intercellular contacts such as desmosomes and adherens
junctions (Jones and Goldman, 1985; O'Keefe et al, 1987). After a
4 h incubation in high Ca2+ concentration, ZO-1 and occludin
were detected in cell±cell contact sites as distinct rows of dots
having resemblance to the adhesion zipper structure described by
Vasioukhin et al (2000) (Fig 6b, e). In general, the immunosignal
for occludin was detected on fewer cell contacts than ZO-1 at this
stage of cellular differentiation. After 24 h incubation of the
cultures in high Ca2+ concentration, ZO-1 and occludin
immunosignals formed continuous linear zones between adjacent
cells (Fig 6c, f).
Double immunolabeling for comparative analysis of tight
junction, adherens junction, and desmosome proteins in
differentiating keratinocytes In order to investigate the
spatial relationship of tight junction proteins versus adherens
junction and desmosomal proteins in cultured keratinocytes,
double immunolabelings were carried out. Immunosignals for
ZO-1 (red) and E-cadherin (green) were mainly separate in early
(4 h) and late (24 h) phases of keratinocyte differentiation (Fig 7a,
d). In analogy, immunosignals for ZO-1 (red) and desmoplakin
Figure 6. Indirect immunolabeling of cultured keratinocytes for tight junction proteins. (a, d) ZO-1 and occludin are virtually undetectable
in undifferentiated keratinocytes. (b, e) After a 4 h incubation in high Ca2+ concentration medium, ZO-1 and occludin are detected in some cell±cell
contact sites as short streaks, which are composed of distinct dots. The streaks are directed towards the neighboring cell. (c, f) After 24 h in high Ca2+,
immunolabeling for ZO-1 and occludin is mainly linear between keratinocytes. Scale bars: 10 mm.
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(green) were mostly separate (Fig 7b, e). Furthermore, the
subcellular distribution of the two tight junction proteins ZO-1
(red) and occludin (green) was compared. In the early phase of
differentiation (4 h) immunosignals for ZO-1 and occludin were
mainly separate, and ZO-1 seemed to be markedly more abundant
than occludin (Fig 7c). As the end result (24 h), immunosignals for
tight junction proteins ZO-1 and occludin were seen in yellow
color, indicating close spatial association of the proteins (Fig 7f).
ZO-1 in psoriasis, lichen planus, and ichthyosis
vulgaris The avidin±biotin method revealed positive labeling
for ZO-1 and occludin in the thin zone of granular cells of normal
epidermis (Fig 8a, b; see also Fig 2a, b). In order to evaluate the
expression of tight junction proteins in pathologic conditions
affecting the granular layer, paraf®n-embedded samples
representing psoriasis, lichen planus, and ichthyosis vulgaris were
immunolabeled for ZO-1 and occludin. The results revealed
marked alterations of ZO-1 and occludin expression in the diseases
studied compared to normal skin. In fully developed psoriatic
plaque, the ZO-1 epitopes were detected in several layers of
thickened stratum spinosum (Fig 8c). Occludin epitopes were also
detected in a broader zone in the upper epidermis (Fig 8d),
although the number of intensely labeled cell layers was somewhat
smaller than that for ZO-1. In lichen planus (Fig 8g, h), the
distribution of ZO-1 and occludin resembled that in psoriasis: the
upper and middle parts of the spinous cell layer displayed an
immunosignal for ZO-1 and occludin. Ichthyosis (dominant
vulgaris type), in which the whole skin area is clinically affected,
ZO-1 and occludin were detected in the uppermost spinous cell
layer as well as in the cell layers immediately below the corni®ed
layer (Fig 8e, f). Blood vessel endothelium, hair follicle epithelium
(external root sheath), apical cell membrane and inner intercellular
membranes of sweat ducts, and the perineurium were labeled in
both normal and pathologic skin samples.
DISCUSSION
Among epithelia, the epidermis has a very challenging function: to
separate tissues from the surrounding dry atmosphere. In addition,
the epidermis protects the underlying tissues against various
chemical irritants. The epidermal barrier function has been
considered to be constituted by a mixture of lipids in the
intercellular spaces of the stratum corneum (for reviews see
Kitson and Thewalt, 2000; Wertz, 2000). The presence of tight
junctions, another potential barrier component in human epidermis
± has more or less been ignored, and the ®nal identi®cation of these
junctions has awaited conclusive evidence.
In this study, ultrastructural analysis combined with immunode-
tection identi®ed the presence of selected marker proteins for tight
junctions in the granular cell layer of human epidermis. Speci®cally,
ZO-1 and occludin were localized to a narrow zone restricted to
the granular cell layers. These results are in good agreement with a
previous study on mouse skin by Morita et al (1998). These results
also support the study of Hashimoto (1971) who recognized
intercellular junctions morphologically ful®lling the criteria of tight
junctions in the granular cell layer of human epidermis. Only a
subset of those junctions were impermeable for lanthanum,
however, and were thus considered ``true'' tight junctions. These
Figure 7. Double immunolabeling for comparative analysis of tight junction, adherens junction, and desmosome proteins in
differentiating keratinocytes. ZO-1 is visualized in red; desmoplakin, E-cadherin, and occludin are shown in green. Yellow color indicates close
spatial relationship, or colocalization. (a, b, d, e) Immunosignals for ZO-1 and E-cadherin (a, d) and ZO-1 and desmoplakin (b, e) are mainly separate in
early (4 h) and late (24 h) phases of keratinocyte differentiation. (c) In an early phase of differentiation (4 h) immunosignals for ZO-1 and occludin are
mainly separate, and ZO-1 seems to be markedly more abundant than occludin. (f) As an end result (24 h), immunosignals for tight junction proteins
ZO-1 and occludin are seen in yellow color, indicating close spatial association of the proteins. Scale bars: 10 mm.
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junctions were located at the distal ends of the granular cells, the
location corresponding well to our ®ndings, which show the most
intense immunolabeling for ZO-1 and occludin at the periphery of
granular cells. In high magni®cation, the immunosignal of ZO-1
and occludin appeared as closely located dots. This labeling pattern
was analogous to that seen for desmosomal and adherens junction
proteins. Double immunolabeling for tight junction components
with desmosomal or adherens junction proteins, however, showed
that the immunosignals for components of different junction types
were mostly separate. At light microscopy level, a close spatial
relationship of the components of the different cellular junctions
was noted, especially at the lateral meeting points of the
neighboring granular cells belonging to the same cell layer. This
may be due to the concentration of tight junction proteins and
other cell junction components on these sites. Furthermore, as
shown in immunoelectron microscopy, tight junction antigens
were located in the vicinity of desmosomes, explaining partial
colocalization of various cell junction proteins at the light
microscopy level. In nonepithelial cells, such as ®broblasts and
cardiac myocytes, ZO-1 is colocalized with cadherins and catenins
at adherens junctions (Anderson and Van Itallie, 1995; Stevenson
and Keon, 1998; Tsukita et al, 1999). It has also previously been
speculated that, in mouse, ZO-1 is associated with adherens
junctions in the spinous cell layer during the differentiation of
keratinocytes (Morita et al, 1998). In our study, in addition to being
localized to the granular cell layer, ZO-1 was also detected in short
stretches in upper spinous cell layers whereas occludin was found
exclusively in granular cells. Thus, the results of this study suggest
that ZO-1 may, in part, be associated with adherens junctions also
in human epidermis.
The results of this study demonstrated tight junctions also in the
human embryonic and fetal epidermis as evaluated by IIF and
transmission electron and immunoelectron microscopies. In early
embryonic epidermis, tight junctions were located in the
peridermal cell layer. The periderm is the most super®cial layer
of the developing skin and is surrounded by amniotic ¯uid
(Holbrook and Odland, 1975; Holbrook, 1997). Our results are in
good agreement with a previous study on mouse skin demonstrat-
ing occludin at cell±cell borders of peridermal cells (Morita et al,
1998). The embryonic epidermis differs markedly from the adult
tissue: the primitive epidermis is an immature epithelium in a moist
environment, lacking the lipid barrier of the stratum corneum.
Thus, it is feasible to speculate that tight junctions may form a
diffusion barrier in embryonic epidermis. The periderm is shed later
during development and the epidermis is differentiated into basal,
spinous, granular, and corni®ed layers (Holbrook and Odland,
1975; Holbrook, 1997). At this developmental stage, the expression
of ZO-1 and occludin was seen in the fetal granular cell layer, a
®nding resembling that of adult epidermis.
Expression of ZO-1 and occludin was investigated in selected
pathologic skin conditions, namely psoriasis, lichen planus, and
ichthyosis vulgaris. All these diseases are known to have
hyperkeratosis and alterations in the stratum granulosum. The
results showed that ZO-1 and occludin were relocated to the upper
parts of the thickened spinous layer. It thus seems that localizations
of tight junction components are susceptible to the aberrations in
keratinocyte differentiation. Expression of ZO-1 and occludin was
not related to the presence of the typical keratohyalin granules of
the granular cell layer, however. This notion is based on the ®nding
that the labeling patterns for ZO-1 and occludin are similar in
lichen planus, in which the granular cell layer is prominent, and in
psoriasis and ichthyosis vulgaris, which lack granular cells. The
speed of keratinization did not seem to have clear impact on the
expression of ZO-1 or occludin either, as both rapid parakeratosis
(psoriasis) and the other two dermatoses with low keratinization
showed similar reaction patterns for ZO-1 and occludin.
Keratinocyte cultures serve as a well-documented model of
cellular differentiation and formation of intercellular junctions.
When human keratinocytes are cultured in medium containing low
Ca2+ concentration, they remain undifferentiated and do not form
intercellular contacts (Jones and Goldman, 1985; O'Keefe et al,
1987). Shortly after the Ca2+ concentration is elevated to 1.8 mM,
keratinocytes begin to differentiate and form cell±cell contacts.
Formation of intercellular junctions is an active and dynamic
process driven by actin ®lament polymerization (Vasioukhin et al,
2000). Ca2+ activates formation of ®lopodia, which embed into the
neighboring cells. This process is associated with clustering of
several adherens junction proteins at sites of intercellular contacts.
These concentrations form two distinct and highly organized rows
of dots, called ``adhesion zippers'' by Vasioukhin and coworkers. In
their study, the number of these adhesion dots increased by several
fold within a few hours, and merged to form a single row by 20 h.
During this process ®rst desmosomes appear between adjoining
cells (Vasioukhin et al, 2000). The dynamics of tight junction
components in human epidermal keratinocyte cultures have not
been reported earlier. In this study, immunolabeling for ZO-1
revealed short streaks in the cell±cell contact zones after incubation
in elevated Ca2+ for 4 h. It is of interest to note that immunosignals
for two different tight junction components, ZO-1 and occludin,
were mainly separate during the formation of intercellular
junctions, and colocalized only relatively late during this process.
Conclusively the results of this study demonstrate the presence of
tight junction antigens in the thin granular cell layer of the human
epidermis. These ®ndings place tight junctional elements immedi-
ately underneath the well-established lipid barrier located in the
outermost corni®ed layer of the epidermis. We thus propose that
the epidermal barrier might in part be formed by tight junctional
complexes of the stratum granulosum.
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